For what it is worth, I personally am against the use of antidotes. For me they would take away all the fun-I hesitate to say the art-of anesthesia. I myself give an ample initial dose of curare, either to begin with or during a thiopentone-cyclopropane induction, and, if necessary, 1 give subsequent injections but never towards the end of an operation. By anticipating the closure and, if necessary, increasing the concentration of cyclopropane, and sometimes by hyperventilating the patient, I expect to have him self-supporting by the finish.
For abdominal operations I personally use curare so that 1 can slowly build up an adequate concentration of cyclopropane or cyclopropane-ether without ever having to force the inhalation agent, in much the same way as I use thiopentone with nitrous oxide-oxygen or cyclopropane, for superficial operations. I am glad to observe a tendency to replace later injections of thiopentone by intravenous injections of morphine or pethidine-thereby reducing post-operative pain and the risk of restlessness and the complications which may ensue. REFERENCE EATHER, K. F., PETERSON, L. H., and DRIPps, R. D. (1949) Studies of the circulation of anaesthetized patients by a new method for recording arterial pressure and pressure pulse contours, Anesthesiology, 10, 125. [March 31, 1950] Anoxia and Anesthesia By B. G. B. LUCAS, D.A. IN 1875 Claude Bernard in a monograph on the relationship between anasthetic agents and asphyxia concluded that their analgesic effect was due to interference with the oxidation of the nerve cells of the brain. This conclusion was ignored and no interest was taken in the relationship of anoxia to medicine until the early twentieth century. In 1919 Haldane stated that anoxaemia not only stops the machine but wrecks the machinery. This is undoubtedly true, but it is not sufficiently appreciated that the anoxia can be of any type, anoxic, anemic, stagnant or histotoxic, or a combination of any of these. It is the state of tissue oxygen lack in the brain which is related to anxsthesia. How a cell may fail to receive an adequate oxygen supply is outside the scope of this paper, but the end-result is a depression of cell metabolism. This gives an adequate definition and explanation of general anaesthesia.
There have been many theories of aneesthetic action. About one hundred years ago von Bibra and Harless (1847) established a correlation between anesthetic action and the relative solubilities of certain substances in the lipoid and non-lipoid constituents of the cell. This theme was elaborated by Meyer (1901) and Overton (1901) independently, who both showed that there was a connexion between Pnaesthetic activity and the distribution coefficient of certain drugs in a lipoid water system. Lillie (1916) demonstrated that anesthetic action was related to viscosity and surface tension, and later Gellhorn and Weidling (1925) described an alteration in the permeability of the plasma membrane of the cell under anwsthesia. These theories indicate how the anasthetic drug may gain access to the cells, but they do not afford any explanation of the drug's action. The functions of the cerebral cortex are readily depressed by altering its blood supply and there is much evidence of the relationship between the physiological activity of the brain and its utilization of oxygen and glucose. In 1932 Quastel and Wheatley showed that anesthetic agents decreased the oxygen uptake of brain tissue. In a variety of animals, they found that the respiration of the brain was inhibited by drugs, such as ether, chloroform and the barbiturates, in concentrations which caused deep narcosis. Furthermore, they found that this effect was rapid and reversible and that the sensitivity of the brain was in marked contrast to that of other organs. They demonstrated that the oxidation by the brain of glucose, sodium lactate and sodium pyruvate was inhibited more readily than was that of glutamic acid, whereas the oxidation of sodium succinate was unaffected (Quastel, 1943) . This implies that anmsthetic drugs exert their inhibitory effects at two possible stages, either by interfering with the transfer of hydrogen from reduced cozymase to flavoprotein, or by preventing the oxidation of flavoprotein by the cytochrome system. Grieg's experiments (1946 Grieg's experiments ( , 1947 suggest that the inhibition probably occurs at this latter stage. In guinea-pigs deprived of vitamin C, the action of nembutal is prolonged and this effect is considerably reduced when the animals are given ascorbic acid; also its addition to brain suspensions in the presence of nembutal diminishes the inhibition of glucose metabolism. She postulated that the function of ascorbic acid is to offer an alternative route for the oxidation of carbohydrate, by providing a by-pass between the flavoprotein stage and cytochrome-c. From this and other evidence, it is concluded that anesthetic agents exert their action by interfering with glucose oxidation, causing a depression of brain respiration; in short, a state of histotoxic anoxia.
It is well known that the cells of the central nervous system are susceptible to anoxia.
If it is so severe as to cause immediate death, then no histological change is demonstrable;
with prolonged anoxia ante-mortem changes become evident and are most pronounced in the cells of the cerebral cortex, the Purkinje cells of the cerebellum and in the basal ganglia and hippocampus. Dixon and Meyer (1936) have shown that these areas have the highest oxygen uptake in the brain, and other workers (Spielmeyer, 1930; Scharrer, 1940; Campbell and Forster, 1944; Nilges, 1944) have independently demonstrated that they have the poorest blood supply. The histopathological changes of anoxic anoxia have been described by Yant and his colleagues (1934) who demonstrated in dogs and rats two types of abnormal nerve cell, some shrunken and staining diffusely, others showing various degrees of chromatolysis. Most damage was found in the granular layer of the cerebral cortex and the thalamus. They also noted that the changes from carbon monoxide poisoning were identical. This latter work was confirmed by Lewey and Drabkin (1944) . Buchner and Luft (1935) describe damage in the brains of guinea-pigs kept at low oxygen tension; changes included marked nuclear degeneration, vacuolation of the cytoplasm and loss of Nissl substance in the ganglion cells in the floor of the fourth ventricle. Similar but less marked abnormalities were observed in the Purkinje cells of the cerebellum. A review by Lewis and Haymaker (1948) of 75 deaths due to anoxia in aircrew during the second world war revealed changes similar to those in animals.
Ischemic anoxic changes, both stagnant and anemic, were described in 1925 by Spielmeyer.
He found four main types: cell swelling, in which the cell stains poorly and the chromidial substance is disintegrated; shrinkage, in which the chromidial substance stains darkly and may be in clumps; cell liquefaction or homogenization, where it is pale with a small metachromatic nucleus; and coagulation, in which the cell is pale, shrunken and, sometimes, disintegrating. Similar changes were noted in the brains of cats after acute an.rmia by Gildea and Cobb (1930) . Dublin and Brown (1942) provide clinical confirmation, citing one case of delayed death following asphyxia from hanging.
There are three types of nerve cell change associated with acute anoxia. The first is an cedematous one and corresponds to Spielmeyer's cell swelling. The cell stains palely and shows occasional vacuoles in the cytoplasm, and the Nissl substance is characteristically fragmented into fine dust-like particles. In the second type, the shrinkage stage, the whole cell is shrunken with a darkly staining nucleus, its outline becomes angular and the Nissl substance is easily definable and aggregated together. The third type represents the stage of disintegration; in its worst form, the cell is hardly discernible and is surrounded by small round neuroglial cells, the so-called satellitosis. At an earlier stage, the cell is pale and homogeneous in character.
In death from anoxia all types of cell disturbance can be found and from a preponderance of any one, the amount and time of anoxia can be deduced. Weinberger, Gibbon and Gibbon (1940) demonstrated changes in the cerebral cortex of the cat by complete arrest of the circulation for varying periods of time and found that three minutes produced cell swelling, whereas seven and a half caused disintegration.
It may be argued, with reason, that the effect of hypoglycemia is primarily anoxic, since the oxygen which is freely available has no substrate to metabolize. The literature on the subject of cerebral damage in hypoglycemia has been reviewed in great detail by a number of authors (Weil, Liebert and Heilbrunn, 1938; Baker, 1939; Lawrence, Meyer and Nevin, 1942) . All of them agree that the changes are identical with those of anoxic or ischemic anoxia. Lawrence, Meyer and Nevin (1942) emphasize the resemblance to anoxic poisoning, such as carbon monoxide and cyanide, as well as ether.
The changes due to anoxia are the same as those found following over-dosage with anaesthetic agents. Steegmann (1939) called attention to the similarity of the lesions after avertin and cyclopropane and those due to ischemic anoxia. Similar changes with cyclopropane anaesthesia were reported by Gebauer and Coleman (1938) . Lenahan (1943) described shrinking, distortion and pyknosis in the nerve cells of the cerebral cortex following death under ether anesthesia. The effect of the barbiturates on the brain has been studied by a great number of authors. Hartman (1937) poisoned dogs with amytal and showed that the main change was marked vacuolation and degeneration, with clumping of the Nissl sub-stance. This had been reported previously in experimental medinal poisoning by Nakamura (1933) . Hassin (1939) described three human cases of luminal poisoning, where the main cell changes consisted of swelling, chromatolysis and occasional disintegration. Recently, Jervis and Joyce (1948) have recorded one death following overdosage with a barbiturate and an opiate. Here, the changes were similar to those already described.
Whether nitrous oxide achieves its effect by a purely asphyxial action, that is a reduction in the blood oxygen tension, or whether it has a direct anesthetic action is controversial. There is no doubt, however, that the brain changes after death from nitrous oxide are anoxic in character. Lowenberg, Waggoner and Zbinden (1936) describe one man who did not recover consciousness after the administration of nitrous oxide and died sixty hours later. Post mortem there were scattered petechial heemorrhages throughout the brain and the third, fifth and sixth cortical lamine were destroyed, showing many degenerating neurons. In the mid-brain there was also marked damage. Some nerve cells were shrunken with pyknotic nuclei, others appeared irregular or elongated in shape, with pale, slightly granular cytoplasm and deeply staining nuclei. These authors point out that this damage cannot be caused by respiratory failure and resuscitation, and, in a later paper (Lowenberg and Zbinden, 1938) , they quote several more cases that showed advanced degeneration of nerve cells despite the absence of respiratory failure.
Courville (1939) , in his monograph on the Untoward Effects of Nitrous Oxide Anasthesia, also describes the nerve-cell damage characteristic of anoxia. He stresses the delayed effect, although in a previous paper (1938) he records several cases that died within a few hours of nitrous oxide anaesthesia in which cell changes were observed.
It can be assumed, therefore, that anesthetic agents achieve their effect by a histotoxic anoxic action and that the change in the central nervous system following overdosage is the same as that with any other type of anoxia. The literature has been extensively reviewed by Hoff, Grenell and Fulton (1945) who reach the same conclusion. If this be so, then some of the effects observed with ordinary anoxia might be expected with anaesthetic agents.
A survey of the literature discloses an apparent aiscrepancy between the severity of damage and the amount of anoxia. A clue is found in the work of Thorner and Lewy (1940) who showed that there was a progressive and accelerated cerebral change with repeated doses of anoxia. Guinea-pigs were submitted to severe asphyxia daily, by placing them in a chamber filled with nitrogen, until respiration ceased, and then were removed and resuscitated. After nine to twelve such exposures, the animals were killed and examined. The brains showed a progressive destruction of nerve cells in proportion to the number of exposures.
Prior to this work Dellaporta (1939) described experiments in which he subjected guineapigs to low oxygen tensions by decompression in air to approximately one-third of an atmosphere (250 mm. Hg) for periods up to one hundred hours. If the animals were killed immediately, no changes in the central nervous system were demonstrable, but if they died some hours after their exposure to low pressure, then lesions appeared. Merk (1940) subjected guinea-pigs to low atmospheric pressure (198 mm. Hg) for one hour every day until the animals succumbed; he found nerve-cell changes in the brains of all of them.
All this experimental evidence suggests that repeated or long periods of anoxic anoxia have a cumulative action on the brain. In the light of this, certain other investigations become relevant. Mott, Woodhouse and Pickworth (1926) found that large and repeated doses of various barbiturates produced chromatolysis and some nuclear and cytoplasmic changes in the Purkinje cells of the cerebellum, as well as in the cells of the medulla and cerebral cortex. The greatest change occurred when the doses were repeated over a long time. Again, in dogs who had been given a daily dose of a barbiturate for three and a half years, Seevers and Tatum (1931) observed marked shrinkage and homogenization of cells throughout the cerebral cortex, basal ganglia and thalamus. Heilbrunn, Liebert and Szanto (1945) reported one case of a man given to inhaling chloroform daily for twelve years and who finally died of diphtheria. His brain showed a great reduction of the Purkinje cells in the cerebellum and marked reduction and shrinkage of the nerve cells of the basal ganglia. These workers describe the pyknotic, shrunken stage of anoxia which is associated with chronic prolonged exposure. Again, Hurst (1944) , reviewing the results of experimental cyanide and sodium azide poisoning, showed that most changes are found when repeated doses are given over a long period.
To discover whether this conception of accumulation of anoxic effects is true, a series of experiments were carried out in 1946 (Lucas, 1946) . Rats were kept in a gas-tight chamber, to which low oxygen nitrogen mixtures could be admitted, for a period ranging from a few hours to many days. Initially, continuous exposures of oxygen tension of 3 to 4 % were used and the animals survived for a period of approximately half to one hour.
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As the oxygen content was raised, so the survival time lengthened until with 9 % oxygen it was approximately three days. In other experiments the animals were subjected to the same degree of anoxia (9 % oxygen) for periods of seven hours daily, when their survival time was approximately nine to ten days. This compares directly in time (63 to 70 hours) with the rats of the previous group which were anoxic continuously for three days (72 hours). Microscopic examination of the brain in the acute experiments revealed very little, but as the anoxia became more prolonged, evidence of damage appeared.
Further experiments were conducted to find out whether these changes could be produced with anmsthetic agents. In one series 0 5 % chloroform vapour in oxygen was used and in another 10% oxygen in nitrous oxide. Again, severe damage could be detected after approximately the same length of time, whether it was two or three days of continuous exposure, or a week or more intermittent.
A histological study of this material showed that although the anoxic effects were cumulative, there was a stage below which recovery was possible. It was noted that some animals which had been allowed to recover and had not died during the experiment, showed less damage than those which succumbed. UTnder conditions of more prolonged anoxia, the animals which were removed from the chamber and killed some days later showed more change. It was found that in the former group t-he damage was of the acute swelling type; the latter produced pyknotic, or destroyed cells.
From this experimental work there seems little doubt that the effect of anoxia can be cumulative, although some reversibility of action is possible. This hypothesis was originally propounded by Buzzard and Greenfield in 1923.
The biochemical change taking place inside the cells under anoxic conditions must be studied in order to explain this reversibility. From the histology, the first effect is an intracellular oedema; later it may be extracellular as well. It is possible that this cedema is the reason for some of the discrepancies observed by various authors. CEdematous tissue is difficult to study histologically because of the variable action of fixatives.
The action of all fixatives is essentially the same, that is to withdraw water from the tissue and substitute a precipitating agent for the protein. Perhaps the disrupted anoxic nerve cell is not an absolute entity in itself, but rather more the effect of too rapid fixation. Certainly pseudo-anoxic changes can be obtained in normal brain by bad fixation, or as a result of post-mortem autolysis. Again, this cedema may, by itself, cause further interference with cell metabolism, so that after the anoxic insult has ceased, its effect may continue and, if a further dose of anoxia occurs before this cedema has subsided, then more damage will occur and become irreversible. A study of the literature shows that this cumulative effect does not necessarily have to be with the same type of anoxia, any combination being equally harmful. This has great importance in clinical anmsthesia. Long periods of anesthesia may cause cedema in the cell, which will disappear as long as further anoxic insults are not superadded.
Shock, hemorrhage or defective ventilation post-operatively may, in themselves, produce enough anoxia to render the change in the cell irreversible. This may occur because the body's normal compensatory mechanism for anoxia, for example an increase in cardiac output and respiratory tidal volume, does not always occur in the deeply anmsthetized subject. Again, repeated periods of aneesthesia may be harmful unless the interval is long enough for the cell to recover completely. Permanent changes resulting from anoxia during anesthesia producing mental damage have been discussed fully by Batten and Courville (1940) . Many cases have been described, varying from complete dementia to a mild personality change. One more can be added to the latter group.
This was a man of 54 years who was being operated on for a right inguinal hernia under epidural anesthesia with the addition of evipan, nitrous oxide and oxygen. Shortly after the nitrous oxide and oxygen had been started the patient became very cyanosed and remained so throughout the operation. Towards the end, respiration failed completely and had to be maintained artificially. It was then observed that the nitrous oxide by-pass on the anrsthetic machine had been turned on in error, so that the patient had been receiving approximately 5% oxygen instead of 25%; this fault was rectified and the patient's colour improved. Natural respiration returned after thirty minutes, by which time the operation had been concluded. The patient took six hours to recover consciousness but when he did, he was maniacal and had to be restrained for a further period of twenty-four hours. After this, he appeared to be fairly normal, but one week later his relatives -volunteered the statement that he was quite a different person; having previously been morose and argumentative, he was now placid and pleasant. This was borne out by the evidence of two nursing sisters, one of whom was the medical ward sister where he had been resting for three weeks prior to operation. She stated that what the relatives had said about him was quite true and that he had 37 609 been a very difficult patient; the surgical ward sister, on the other hand, said that she had never had a more co-operative patient. This in itself is not conclusive, but it does suggest that anoxia can, under suitable circumstances, have a beneficial effect. In the field of psychiatry, daily periods of acute anoxia have been used with good effect in the treatment of schizophrenia (Himwich, Alexander and Lipetz, 1938) . Possibly the mechanism in these cases is the production of further permanent mental damage, so making the subject more acceptable to society.
The mildest anoxic change that may occur in brain cells following anesthesia can cause post-operative complications. Restlessness and delirium, which are sometimes seen, are often anoxic in origin. Frequently these occur following anTsthesia which has not proceeded smoothly; in those cases where difficulty with ventilation has been experienced, for example in thoracic surgery where an excess of secretion has prevented the anesthetist from maintaining adequate oxygenation of the patient throughout the operation. Another common group is tonsillectomy in the young adult where there has been some respiratory depression and obstruction. In these cases recovery is often delayed and there may be mental confusion; they are stated to be restless or hysterical. This syndrome is commonest in the age-groups 14 to 25 and over 60. In the former ultimate recovery is probable, but in the over sixties, the reverse is true and psychotic changes may occur. These are frequently regarded as being due to premature senility, or else to cerebral metastases if the patient is suffering from malignant disease. In this condition heavy sedation for the restlessness is dangerous because it may produce further anoxia in the cell, so that irreversible damage may result. Restlessness and delirium with recovery have been reported as complications of the anoxia that occurs at high altitudes (Church and Loeser, 1938) .
Experimentally it has been shown that the aedematous cell can rapidly become irreversibly damaged; therefore, when this cedema occurs it should be removed as quickly as possible. For example, following the severe anoxia of cardiac arrest, the heart may be re-started but the patient will be deeply unconscious. As soon as the heart resumes its beat, treatment for the edema should commence. The withdrawal of fluid from the brain by hygroscopic or osmotic methods is the basic principle in the removal of cerebral aedema. The best is the intravenous use of concentrated human serum in a dose not exceeding 50 ml. per hour. Too rapid dehydration may produce convulsions.
In the treatment of cardiac arrest under anesthesia, it is essential to obtain an adequately oxygenated cerebral circulation; time is vital. Kabat, Denis and Baker (1941) found that eight minutes of cerebral anmmia produced irreversible changes in the dog. These animals were not anesthetized, hence had no histotoxic anoxia. In man under anmsthesia, the time is reduced to three minutes. To obtain adequately oxygenated blood, artificial respiration must be started at once. Simultaneously, the heart must be made to function as a pump by means of cardiac massage. Intracardiac injections with adrenaline or any other drug are useless because it is unlikely that the heart will resume beating effectively, but will merely fibrillate and consume further valuable oxygen and time (Dripps, Kirby, Johnson and Erb, 1948) . The correct procedure is manual cardiac massage and artificial respiration until such time as the circulation to the head is seen to improve; then intracardiac adrenaline can be used. This routine was suggested by Hamilton Bailey (1941) . That cardiac massage is effective in maintaining an adequate cerebral circulation has been demonstrated by Johnson and Kirby (1949) who obtained a blood flow of 50% of normal in the dog by manual compression of the heart through the chest. Simultaneous occlusion of the abdominal aorta further increased the cerebral flow.
The rapidity with which the heart beat returns to normal is dependent upon the reason for which it stops. If this has been caused by stimulation of the vagus, either directly or indirectly, then, with cardiac massage, the heart will soon start again. Commonly there are no premonitory symptoms of impending death, the so-called "status lymphaticus". Secondly, the heart may stop because of prolonged anoxia, which may result from asphyxia, excessive doses of anmsthetic agents, shock or haemorrhage. Here, there may be a delay in the return of an effective beat. Thirdly, where there have been signs of pre-operative myocardial disease or where there has been excessive anoxia, the heart will be irreversibly damaged and will never function again. Under these conditions, it will be toneless on palpation.
The following is a record of one case of successful cardiac massage with complete recovery.
A woman of 53 years was operated upon for toxic adenoma of the thyroid under rectal pentothal, nitrous oxide and oxygen anmsthesia. The dose of rectal pentothal (3 grammes) was excessive, but the thyroidectomy was completed without -incident. She did not recover consciousness for several hours. Her post-opprative recovery was uneventful except for attacks of pawxysmal tachycardia which were controlled by quinidine. Three weeks later, a stitch abscess developed which necessitated incision. She was given pentothal 0-4 gramme intravenously and almost at once her heart and respiration stopped simultaneously. Artificial respiration was immediately commenced and cardiac massage performed. The interval between the cessation of the heart and effective massage was within three minutes. Her heart did not commence to beat effectively for a further five minutes, but when it did so, its beat was strong, at a rate ofninety per minute. Natural respiration re-established itself ten minutes later. From the onset of cardiac massage her colour was good. After one hour, she was deeply unconscious with no reflexes and moderately dilated pupils, but her respiration was regular and not stertorous. Six hours later, her limbs were spastic but her pupils showed a light reflex. After twenty-four hours she was still unconscious, but responded to painful stimuli. 50% intravenous glucose therapy was commenced. After a further twelve hours, she recovered consciousness with no abnormal neurological reflexes, but she was demented. One week later, she was completely child-like, her memory being that of her own childhood and when asked to write her name, she wrote her maiden name in a childish scrawl. Slowly her condition and memory improved and three months after her cardiac arrest she left hospital apparently normal apart from some loss of memory of recent events and a slightly childish personality. Six months later, she had completely recovered and neither her relatives nor her medical attendants could find anything wrong with her.
In anoxic conditions, the type must be identified before treatment is commenced. If it is histotoxic, which includes most anaesthetic agents, then the anoxia occurs in the tissue cells because of inhibition of part of the tissue oxygen enzyme system. In barbiturate poisoning, it is the oxidation of glucose which is disturbed; if a different substrate could be substituted, then tissue metabolism could continue. The oxidation of succinic and glutamic acids remains unaffected by the barbiturates and sodium succinate has been used successfully in the treatment of barbiturate poisoning (Soskin and Taubenhaus, 1943) . Glutamic acid has been used effectively in the treatment of insulin coma and in depressive psychotic states where there was evidence of defective oxygen utilization (Mayer-Gross and Walker, 1947) .
In other forms of anoxia, the oxygen supply to the tissues must be improved. In the anoxic variety, the oxygen content in the lungs should be increased; in shock and hemorrhage anti-shock measures, including blood transfusions to raise the oxygen-carrying properties of the blood, must be instituted. If, in spite of these methods, the oxygen reaching the tissues is still at a low tension, an attempt should be made to "boost-up" tissue oxidation so that metabolism in the cell can continue under these conditions. In 1941 Stewart, Learmonth and Pollock investigated the use of ascorbic acid in the treatment of experimental shock in cats and reported favourably on it. Experimentally, both ascorbic acid and methylene-blue increase the tolerance of adult rats to anoxia (Lucas and Peterson, 1941) . On theoretical grounds, the tissue oxygen enzyme cytochrome-c, which has recently been synthesized, should be of value and the effect of this substance is at present being investigated.
